For almost a century, recurrent epidemics of meningitis due to group A meningococci (MenA) represent one of the major public health problems for the African meningitis belt countries [1] [2] [3] . The MenA conjugate vaccine, MenAfriVac (PsA-TT), developed within the framework of the Meningitis Vaccine Project, and manufactured by the Serum Institute of India, Ltd [3] [4] [5] [6] , was found to be safe and immunogenic in 2-to 29-year-old subjects in Mali, The Gambia, and Senegal [7] , as well as in adults and children aged 2-10 years in India [8, 9] . In children aged 12-23 months, the ability of PsA-TT to prime for immunologic memory was also shown [7] . Four weeks after vaccination, PsA-TT was able to elicit serum bactericidal antibody (SBA) titers 16-fold higher than the meningococcal ACWY quadrivalent polysaccharide vaccine (PsACWY) in 12-to 23-month-old children, and almost all vaccine recipients achieved SBA titers ≥128 [7] , deemed to be a discriminatory titer [10, 11] . On these grounds, and together with an excellent safety profile, the vaccine was licensed in India and prequalified by the World Health Organization (WHO). At the end of 2010, the vaccine was introduced at large scale in Burkina Faso, Mali, and Niger [12] [13] [14] , the most endemic countries of the African meningitis belt, by mass vaccination campaigns targeting the 1-to 29-year-old population. Meningitis surveillance data show a dramatic reduction, or near-disappearance, of MenA in those countries where MenAfriVac has been introduced [13, 14] , in concordance with the low level of MenA carriage [15, 16] . Persistence of sustained levels of antibody titers is considered to represent a key element to predict individual protection against carriage and disease. We report here antibody persistence data for 4 years after vaccination with PsA-TT in Africa and for 1 year in India.
METHODS
The studies were designed and conducted in accordance with the Good Clinical Practice guidelines established by the International Conference on Harmonisation and with the Declaration of Helsinki and by respective country-specific regulatory authorities. Studies were approved by the competent institutional review boards as previously reported [7, 9, 17] . The International Standard randomized controlled trial number was ISRCTN87739946 for the African study (study A) and ISRCTN46335400 for the Indian study (study B).
Study A
Subjects were recruited at the Centre pour le Développement des Vaccins, Bamako, Mali; at the Medical Research Council Laboratories, Basse, The Gambia; and at the Institut de Recherche pour le Développement, Niakhar, Senegal. The detailed study methodology has been described elsewhere [7] . In brief, subjects aged 2-29 years were recruited, stratified into 3 age groups of 2-10, 11-17, and 18-29 years, and randomized in a 2:1 ratio to receive either 1 dose of PsA-TT or a licensed PsAC-WY vaccine (Mencevax ACWY, GSK). Blood draws for immunogenicity evaluation were performed at baseline, 1 month (results described elsewhere) [7] , 6 months, and 1 year after vaccination. Four years postvaccination, a follow-up study on immune persistence was conducted on subjects who were traced and willing to participate in the study. One blood draw was collected 4 years after vaccination.
Study B
In study B, subjects aged 2-10 years were recruited at Shirdi Saibaba Rural Hospital, Vadu Budruk, India, and randomized in a 1:1 ratio to receive 1 dose of either PsA-TT or PsACWY. The detailed study methodology has been described elsewhere [9] . Blood draws for immunogenicity evaluation were performed at baseline, 1 month (results described elsewhere) [9] , 6 months, and 1 year after vaccination.
Immunogenicity Evaluation
The immunogenicity of PsA-TT and the group A component of PsACWY were assessed by measuring MenA SBA assay with baby rabbit complement and MenA-specific immunoglobulin G (IgG) enzyme-linked immunosorbent assay (ELISA). Measurement of SBA titers was performed at the Health Protection Agency (now Public Health England), Manchester, United Kingdom; and the ELISA was performed at the Centers for Disease Control and Prevention (CDC), Atlanta, Georgia, with the use of the standard reference serum CDC1992 [18] . The SBA reference strain was F8238, and titers were expressed as the reciprocal of the final serum dilution, resulting in a colony-count reduction of at least 50% after 60 minutes of incubation [19] .
Statistical Analysis
The difference in SBA geometric mean titers (GMTs) and group A-specific IgG geometric mean concentrations (GMCs) between the vaccine groups at 6 months and 1 year after vaccination were compared by a mixed-effects model adjusted for baseline titers or concentrations, age, sex, time, and interaction effects of interest with log 2 -transformed titers and log 10 -transformed concentrations as an outcome; the comparison was also adjusted for study site in study A. Four years postvaccination, the comparison was carried out by analysis of covariance (AN-COVA) adjusted for baseline value, sex, time, and study site. For other endpoints, the Cochran-Mantel-Haenszel test was used to compare the proportions between vaccine groups, adjusting for age in study A, and Fisher exact test was employed to compare the vaccine groups as appropriate. All immunogenicity analyses were performed in the intention-to-treat population. Missing values were treated as missing at random. Data were analyzed with SAS software, version 9.1.3.
RESULTS

Study A
Study Population
Subjects' disposition during 1-year follow-up is reported in Figure 1 . At 1-year postvaccination, among 900 subjects who were randomized and vaccinated at baseline, a total of 30 subjects (3.3%) were discontinued from the study. After 4 years, a total of 482 subjects (53.6% of those initially vaccinated) were available for immunogenicity-that is, with evaluable samples and who did not report, when actively questioned, additional MenA vaccination or meningococcal disease: 175 subjects aged 2-10 years (118 PsA-TT and 57 PsACWY); 149 subjects aged 11-17 years (100 PsA-TT and 49 PsACWY); and 158 subjects aged 18-29 years (110 PsA-TT and 48 PsACWY).
Serum Bactericidal Antibody Titers SBA titers are reported in Table 1 and Figure 2 .
A considerable decline in SBA GMTs was observed 6 months after vaccination in both vaccine groups, which was more marked in the PsACWY than in the PsA-TT group (approximate 62% drop in PsACWY group and 38% drop in PsA-TT group from 1 month to 6 months after vaccination). Subjects of any age group in the PSA-TT group had statistically significantly higher SBA GMTs than subjects in the PsACWY groups at any time point (P < .05), except at 4 years after vaccination. At 4 years postvaccination in those aged 11-17 years and 18-29 years, SBA GMTs did not significantly differ between the 2 vaccine groups. (Table 1 and Figure 2 ). Overall, at 1 year and 4 years after vaccination, a modest antibody decay was observed in the PsA-TT group, with a 4-year GMT of 2281.1 (95% confidence interval [CI], 1910.5-2723.5) with respect to the 1-year SBA GMT of 2889.4 (95% CI, 2643.3-3158.5) and the 6-month GMT of 3040.8 (95% CI, 2758.6-3351.8). In the PsACWY group, the SBA GMT 4 years after vaccination (1242.7 [95% CI, 890.7-1733.6]), was overall higher than the SBA GMT 1 year after vaccination (921.6 [95% CI, 743.2-1142.9]), which was also slightly higher than the GMT 6 months after vaccination (627.3 [95% CI, 488.6-805.4]). A similar trend was observed in subjects in the younger age groups of 2-10 and 11-17 years in the PsACWY group (Table 1 and Figure 2 ).
Six months after vaccination, the total proportion of subjects with SBA titers ≥128 was 99.0% (95% CI, 97.8%-99.6%) in the PsA-TT group and 89.0% (95% CI, 84.8%-92.3%) in the PsAC-WY group. In all age groups and at any time point, the proportion of subjects with SBA titer ≥128 was significantly higher in Figure 1 . Disposition of subjects in study A conducted in healthy 2-to 29-year-olds. GroupA-Specific IgG ELISA Group A-specific IgG concentrations are reported in Table 2 and Figure 3 . Group A-specific IgG GMCs at 6 months, 1 year, and 4 years after vaccination in the PsA-TT group were 22.3 (95% CI, 20.1-24.7), 15.3 (95% CI, 13.7-17.0), and 12.1 (95% CI, 10.5-14.1) µg/mL, respectively, compared with 8.9 (95% CI, 7.4-10.8), 7.7 (95% CI, 6.4-9.3), and 7.6 (95% CI, 5.9-9.6) µg/mL in the PsACWY group, respectively. GMCs were significantly higher in the PsA-TT group than in the PsACWY group at any time point in any of the 3 age groups (P < .05), with an exception those aged 11-17 years 4 years after vaccination (Table 2 and Figure 3) .
At 6 months, 1 year, and 4 years after vaccination, the proportions of subjects in the PsA-TT group with group A-specific IgG concentrations ≥2 µg/mL were 97.0% (95% CI, 95.2%-98.2%), 94.2% (95% CI, 91.9%-95.9%), and 90.2% (95% CI, 86.5%-93.2%), respectively, compared with 82.4% (95% CI, 77.5%-86.6%), 78.4% (95% CI, 73.1%-83.0%), and 80.5% (95% CI, 73.4%-86.5%), respectively, in the PsACWY group. The proportion of subjects with group A-specific IgG concentrations ≥2 µg/mL was significantly higher in the PsA-TT group than in the PsACWY group at any time point in any of the 3 age groups (P < .05), with an exception of those aged 2-10 years and 11-17 years, 4 years postvaccination (Table 2) .
Study B
Study Population
Demographics of study population at enrollment were reported previously [9] . In brief, a total of 340 subjects aged 2-10 years were enrolled and vaccinated, of whom 169 received PsA-TT and 171 PsACWY. Before the 6-month follow-up, 1 subject in each group was excluded from the study (1 for protocol violation, 1 withdrew consent). Therefore, 168 subjects in the PsA-TT group and 170 in the PsACWY group completed the study 1 year after vaccination.
Serum Bactericidal Antibody
In both vaccine groups, SBA GMTs decreased during the 6 months after vaccination, but were found to increase at 1 year of follow-up. At both time points, SBA GMTs in the PsA-TT group were significantly higher than in the PsACWY group (P < .0001; Figure 2 and Table 3 ). Six months and 1 year after vaccination, all subjects in the PsA-TT group had SBA titers ≥128, compared with 85.0% (95% CI, 78.7%-90.1%) and For the comparison of group A-specific IgG GMCs between PsACWY and PsA-TT groups: P < .0001 at week 26 and week 52 after vaccination by mixed-effects model; P < .0001 for different age groups at week 26 and week 52. Four years after vaccination, P < .0001 for the comparison of SBA GMTs between PsACWY and PsA-TT groups by analysis of covariance: the P < .05 for age groups of 2-10 years and 18-29 years and P > .05 for ages 11-17 years. For the comparison of group A-specific IgG concentration ≥2 µg/mL between PsACWY and PsA-TT groups: P < .0001 at week 26 and week 52 and P = .0023 four years after vaccination by Cochran-Mantel-Haenszel test; P < .05 for different age groups at week 26, week 52, and 4 years after vaccination by Fisher exact test with an exception of P > .05 for age groups of 2-10 years and 11-17 years 4 years after vaccination.
Abbreviations: CI, confidence interval; GMC, geometric mean concentration; IgG, immunoglobulin G. 93.3% (95% CI, 88.4%-96.6%), respectively, in the PsACWY group. The difference between 2 vaccine groups was significant at both time points (P < .0001 at 6 months and P = .0008 at 1 year after vaccination; Table 3 ).
Group A-Specific IgG
Six months after vaccination, GMCs had decreased steadily in both vaccine groups, whereas a more limited decrease was observed at 1 year. At both time points, GMCs were significantly higher in the PsA-TT group than the PsACWY group (P < .0001). The proportion of subjects with group A-specific IgG concentrations ≥2 µg/mL decreased over time, but was statistically significantly higher in the PsA-TT group than the PsACWY group at both time points (P < .0001 at 6 months and P = .0009 at 1 year after vaccination; Table 4 and Figure 3 ).
DISCUSSION
We have described 4-year antibody persistence in 2-to 29-yearold subjects in Africa and 1-year antibody persistence in 2-to 10-year-old subjects in India who had received a single dose of either PsA-TT or PsACWY. Four years after vaccination, African subjects who received PsA-TT had sustained SBA titers almost 10 times as high as the baseline values before vaccination, with the majority of subjects having SBA titers ≥128 and group A-specific IgG concentrations ≥2 µg/mL. As both these thresholds are considered potentially protective [10, 11, 20, 21] , we can reasonably assume that 4 years after vaccination with the PsA-TT, the majority of subjects are still protected against MenA disease.
In both vaccine groups, SBA titers showed a substantial decline, but only during the first 6 months after vaccination. Subsequently, at 1 year and 4 years of follow-up, SBA GMTs reached a plateau, with only a modest decline compared with 6 months following PsA-TT, in those aged <18 years. The same pattern of antibody decline 6 months after vaccination was observed in the Indian subjects. However, a substantial increase in SBA titers was observed at 1 year compared with 6 months of follow-up. During the study period-4 years in The Gambia, Senegal, and Mali and 1 year in India-there was no outbreak of MenA in any of the study sites. However, the study population experienced some boosting of group A SBA, as we previously observed in a study performed in toddlers in The Gambia and Mali over approximately 1 year [7] . Exposure to cross-reacting bacteria [22] [23] [24] has been demonstrated and may explain the very high SBA titers against MenA in naive populations in the African meningitis belt [7] . In our study, exposure to cross-reacting bacteria may contribute in maintaining a sustained level of functional antibodies up to 4 years after vaccination with the MenA conjugate vaccine in Africa. The same circulating cross-reacting bacteria may well be the cause of the increase in SBA GMTs observed 1 year after vaccination in India.
SBA GMTs were higher in the PsA-TT group than in the PsACWY group, at any point in time and with any parameter considered and in both the African and Indian studies. In the Figure 3 . Group A-specific immunoglobulin G (IgG) geometric mean concentrations (GMCs) over time for study A and study B. African study, the age trend present in the PsA-TT group with higher SBA titers in younger subjects was conserved throughout the 4 years of follow-up. Persistence of group A IgG concentrations was also sustained over time. However, no boosting effect and no age trend were observed. Group A-specific IgG GMCs and the proportion of subjects with concentrations ≥2 µg/mL were higher in the PsA-TT group than the PsACWY group at any time point, and in both studies. A group A-specific IgG concentration ≥2 µg/mL is the only parameter validated in efficacy studies [20] , and thus can be considered a putative correlate of protection against MenA. In the study in Africa, we found that 4 years after vaccination with PsA-TT, an overall 90% of subjects are still potentially protected, with the youngest age group, 2-10 years, showing the lowest level above the putative threshold of protection, with 76% of subjects having group A-specific IgG concentrations ≥2 µg/mL. PsA-TT has already been introduced in several African meningitis belt countries, including Burkina Faso, Mali, Senegal, and The Gambia through large single-dose mass vaccination campaigns targeting the population from 1 to 29 years of age. The effect of these campaigns has been drastic, with near disappearance of cases of meningitis due to MenA as recorded by the WHO surveillance system [12] [13] [14] . Reduction of carriage of the organism is also an important parameter to demonstrate interruption of MenA transmission at the population level [15, 16] .
In this context of a highly vaccinated population 4 years after vaccination with 1 dose of PsA-TT vaccine, no booster dose is required, as the majority of individuals still have the putative protective level of antibody titer [10, 11, 20, 21] . However, with time, the need for individual booster dose or revaccination of all or a portion of the population will be established by continuous monitoring of long-term antibody persistence, and by detecting any resurgence of meningitis due to group A meningococci in areas or countries where the disease was highly endemic or epidemic before introduction of PsA-TT vaccine [25] .
Notes
